Abstract Endogenous opioids are synthesized in vivo to modulate pain mechanisms and inflammatory pathways. Endogenous and exogenous opioids mediate analgesia in response to painful stimuli by binding to opioid receptors on neuronal cells. However, wide distribution of opioid receptors on tissues and organ systems outside the CNS, such as the cells of the immune system, indicate that opioids are capable of exerting additional effects in the periphery, such as immunomodulation. The increased prevalence of infections in opioid abuser-based epidemiological studies further highlights the immunosuppressive effects of opioids. In spite of their many debilitating side effects, prescription opioids remain a gold standard for treatment of chronic pain. Therefore, given the prevalence of opioid use and abuse, opioid-mediated immune suppression presents a serious concern in our society today. It is imperative to understand the mechanisms by which exogenous opioids modulate immune processes. In this review, we will discuss the role of opioid receptors and their ligands in mediating immune-suppressive functions. We will summarize recent studies on direct and indirect opioid modulation of the cells of the immune system, as well as the role of opioids in exacerbation of certain disease states.
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Opioid receptors
Opioid receptors are activated both by endogenously produced opioid peptides and by exogenously administered opioids, such as morphine (Waldhoer et al. 2004) . Classical opioid receptors are seven transmembrane G protein-coupled receptors (GPCRs) that have three major receptor subtypes: l (mu for morphine), d (delta for deferens because it was first identified in mouse vas deferens) and kappa j (kappa for ketocyclazocine, an agonist that is a benzomorphan derivative) (Lord et al. 1977) . As a class, GPCRs are of fundamental physiological importance, mediating the actions of the majority of known neurotransmitters and hormones.
Structure and function
Analgesia induced by opioids is predominately mediated through the l-opioid receptor. Endogenous opioids have been implicated in activating all three receptor types. b-endorphins and enkephalins bind to l and d, while dynorphin binds predominately to the j receptor. l Opioid agonists (endogenous and exogenous) induce analgesic effects by regulating both the pre-and post-synaptic sensory neurons. At the pre-synaptic neurons, opioids bind to l-opioid receptors (MOR), block voltage-gated calcium (Ca 2? ) channels and, hence, block Ca 2? influx. Lower intracellular Ca 2? leads to an inhibition of excitatory neurotransmitter release from presynaptic vesicles. Activation of MOR on postsynaptic terminals promotes the efflux of potassium (K ? ) via K ? channels. The net effect of MOR receptor activation results in hyperpolarization of the post-synapse causing inhibition of neuronal firing. Studies have shown that MOR affects the pre-and post-synaptic neuron synergistically, thereby decreasing the perception of pain (Yoshimura and North 1983; Glaum et al. 1994; Kohno et al. 1999) . Opioid receptors are GPCRs that are classified into two distinct classes: classical (l, d, j) and non-classical opioid receptors (Goodsell 2005) . Three decades of extensive pharmacological studies have uncovered a variety of opioid receptor types; however, only four have been cloned to date: l, d, j and the n-opioid receptor (initially called LC132) (Bunzow et al. 1994) , ORL-1 (Mollereau et al. 1994) or nociceptin/orphanin FQ receptor (Meunier et al. 1995) . Although only four receptor genes have been discovered, there is substantial pharmacological evidence to suggest the existence of spliced variants of opioid receptor subtypes Pan 2005; Choi et al. 2006; Mizoguchi et al. 2011; Xu et al. 2011) .
The sigma receptor (r = sigma for SKF10047) was initially classified as an opioid receptor (Martin et al. 1976) . However, since the time it was cloned in 1996 (Hanner et al. 1996) , it has become evident that the sigma receptor is a single transmembrane-spanning protein targeted by other drugs of abuse, for example phencyclidine and its analogs [for review see (Monassier and Bousquet 2002) ]. The sigma receptor is no longer regarded as a member of the opioid receptor family. Moreover, a variety of other opioid receptors have been described on the basis of pharmacological profiles that do not match with any of the classical receptors. These include a f (zeta) receptor, which has recently been cloned and classified as an opioid growth factor receptor (OGFr) with no homology to the classical opioid receptors (Zagon et al. 1991 (Zagon et al. , 2000 . In addition, a k (lambda) receptor and a b-endorphin-sensitive e (epsilon) opioid-binding site have been described (Wuster et al. 1979) . However, these receptors are poorly characterized, and proof of their existence by identifying their respective genes is still lacking (Waldhoer et al. 2004) .
It is also important to note that like other GPCRs, opioid receptors not only act as monomers but can form homomeric and heteromeric complexes with other opioid receptor subtypes as well as with other GPCRs, creating new receptors with novel pharmacological properties (van Rijn et al. 2010) . The role of dimers in modulation of immune function has not been well explored and therefore will not be the focus of this review.
Opioid receptor expression in immune cell
Opioid receptors are expressed throughout the body, in various tissues and cell types. They are found in the periphery, at pre-synaptic and postsynaptic sites in the spinal cord dorsal horn, and in the brainstem, thalamus and cortex, in what constitutes the ascending pain transmission system. Receptors are also found in the structures that comprise the descending inhibitory system that modulates pain at the level of the spinal cord (Inturrisi 2002) . Until recently, it was thought that opioid receptors were only expressed in the central nervous system. However, recent findings have proven that opioid receptors are also expressed by the cells of the immune system such as T cells, B cells and macrophages (for details, see Table 1 ) (Chuang et al. 1995) .
The earliest examination of opioid receptor expression used pharmacological and ligand binding studies to Chuang et al. (1995) , Wick et al. (1996) , Sharp et al. (1998) , Ignatowski and Bidlack (1998) B cell CEM cell line, Raji line
Human cell line CEM cell line Chuang et al. (1995) , Gaveriaux et al. (1995) , Suzuki et al. (2001) Dendritic cell
Human and murine primary DC Human and murine primary DC Murine DC Makarenkova et al. (2001) , Kirst et al. (2002) Macrophage/ monocyte Primary rat peritoneal mac., human and simian mono
Human cell line Macrophage-like murine cell line P388D1 Chuang et al. (1995) , Sedqi et al. (1995 ) Lopker et al. (1980 ), Carr et al. (1991 Neutrophil Human granulocytes Human granulocytes Murine bone marrow neutrophils Lopker et al. (1980) , Falke et al. (1985) , Stefano et al. (1993) , Kulkarni-Narla et al. (2001) Microglia Human fetal microglia murine microglia Murine microglia Human fetal microglia murine microglia Chao et al. (1996) , Stiene-Martin et al. (2001) provide support for the existence of opioid receptors on the cells of the immune system. With the advent of genetic cloning and polymerase chain reaction (PCR) techniques, expression of receptors that are in low abundance on cells of the immune system was established. These techniques enabled an alternative way to demonstrate expression of all three opioid receptors on several immune cells, including CD4? T-helper cells [reviewed in (Sharp et al. 1998) ]. Specifically, using reverse transcriptase-polymerase chain reaction (RT-PCR) cDNA transcripts of the l (Chuang et al. 1995) , d and j (Wick et al. 1996) opioid receptors were amplified from several immune cells. Chuang et al. (1995) demonstrated the expression of the mu-opioid receptor gene in various cell types, including the human hybrid B-and T-cell CEM line, the Raji line (human B cells), human CD4? cells, human monocytes and macrophages, and various others.
In addition, studies have demonstrated the existence of delta and kappa opioid cDNA transcripts in MOLT-4 and CEM T cell lines as well as in human peripheral blood lymphocytes using similar techniques (Wick et al. 1996) . Furthermore, existence of mu-opioid receptor transcripts has been demonstrated to be expressed in rat peritoneal macrophages, while the delta-opioid receptor has been found in inactivated mouse thymocytes (Sedqi et al. 1995 (Sedqi et al. , 1996 . In all cases, the transcripts obtained from the immune cells were nearly identical to opioid receptor cDNAs isolated from neuronal cells. In addition to previously described studies examining message levels of opioid receptors, several groups have reported l-, d-and j-opioid receptor protein presence in T cells, B cells, dendritic cells and mouse thymocytes using FACS or western blot analysis (Ignatowski and Bidlack 1998; Makarenkova et al. 2001; Suzuki et al. 2002; Liu et al. 2010 ). These observations suggest that opiate drugs may be directly mediating their diverse array of effects by binding to receptors expressed on cells of the immune system. It is also important to note that the cDNA clone, AT7-5EU, was isolated after a screen of an activated human lymphocyte cDNA library in search of homology to brain opioid receptors. This clone was demonstrated to encode for the opioid 'orphan' receptor, and the protein coding region shared complete homology with a reported opioid 'orphan' receptor cloned from human brain. There have also been reports that implicate the existence of novel, non-classical opioid receptors and binding sites on immune cells that are selective for morphine (Sharp et al. 1998) . The importance and relevance of all of these findings (summarized in Table 1 ) are centered on the idea that opioids, both endogenous and exogenous, may be exerting their myriad effects on the immune system in a direct and indirect manner.
Opioid receptor functions
Tissue injury and inflammation increase the excitability of peripheral pain signaling sensory neurons called nociceptors. Excitation of these receptors leads to generation of currents, which when sufficiently large are able to lead to perception of pain. In response to chemical stimuli, highthreshold transducer ion channels at the peripheral terminals of nociceptors depolarize the peripheral terminal activating voltage-dependent sodium channels. Transmission occurs in response to calcium influx at the central terminal, releasing glutamate as well as multiple synaptic modulators and signaling molecules, and yielding an increase in synaptic action potentials (Woolf and Ma 2007) . It is the net effect of increased rate of action potentials that leads to conscious awareness of pain. The sensation of pain leads to activation of analgesic pathways resulting in activation of endogenous opioid signaling through opioid receptors.
Opioid receptors belong to the class A (Rhodopsin) family of Gi/Go protein-coupled receptors with an extracellular N-terminal domain, seven transmembrane helical domains connected by three extracellular and three intracellular domains, as well as an intracellular C-terminal tail. Seven transmembrane helices of opioid receptors are arranged sequentially in a counterclockwise fashion, to form a tight helical bundle. Together with the extracellular domains of the receptor, this provides a dynamic interface for the binding of various opioid ligands. The opioid receptors are about 60% identical to each other with the greatest homology in the transmembrane helices, and the greatest diversity in their N and C termini as well as their extracellular loops.
Opioids initiate a signal through a G-protein cascade. When morphine binds to an opiate receptor, the receptor changes shape and interacts with a G protein inside the cell. The activated receptor causes the G protein to replace its GDP molecule with a GTP, causing the G protein to break into Ga and Gbc subunits. The half with the GTP molecule then diffuses along the membrane until it finds its target. Opioid receptor activation leads to upregulation of the cAMP pathway, which is believed to be a mechanism for opiate tolerance and dependence [reviewed by (Nestler 2001) ]. Opiates acutely inhibit the functional activity of the cAMP pathway (indicated by cellular levels of cAMP and cAMP-dependent protein phosphorylation). With continued opiate exposure, functional activity of the cAMP pathway gradually recovers, and increases far above the control levels following removal of the opiate (precipitated withdrawal, e.g., by administration of the opioid receptor antagonist naloxone). These changes in the functional state of the cAMP pathway are mediated via the induction of adenylyl cyclase and protein kinase A (PKA) in response to Role of mu-opioid receptor in opioid modulation 11 chronic administration of opiates. Induction of these enzymes accounts for the gradual recovery in the functional activity of the cAMP pathway that occurs during chronic opiate exposure (tolerance and dependence) and activation of the cAMP pathway observed on opiate withdrawal (Nestler 2001) .
Structure and site of opioid peptide production
Endogenous opioids
During the decade spanning the mid-1970s to the late 1980s, more than 20 different endogenous opioid peptides were identified and shown to possess differential affinity for the different types of opioid receptors (Evans 2004) . The endogenous opioids are derived from three opioid protein precursors by a process of selective proteolytic cleavages. Although there is a wide variety of endogenous peptides, they consist of three major classes: enkephalins, endorphins and dynorphins. All endogenous opioids have an N-terminal enkephalin sequence (Tyr-Gly-Gly-PheMet/Leu), with many peptides containing a C-terminal extension, which modulates receptor selectivity and susceptibility to degradation by extracellular proteases [reviewed by (Weber et al. 1983) ]. Pro-enkephalin contains multiple repeats of the enkephalin sequence, seven in the human pro-enkephalin precursor. The enkephalins are small, five amino acid peptides that exist in two forms, leucine enkephalin and methionine enkephalin. Pro-opiomelanocortin (POMC) contains beta-endorphin, 31 amino acid peptides that contain the met-enkephalin sequence, and shares the precursor protein with adrenocorticoptrophic hormone (ACTH), a critical pituitary hormone for coordination of stress responses. The endorphins and enkephalins act primarily on mu-and delta opioid receptors. Finally, pro-dynorphin contains three leu-enkephalin core opioid sequences analogous to pro-enkephalin, and differential processing of the core sequences leads to generation of multiple opioid peptides. The dynorphins exist in several forms that range from 10 to 17 amino acids in length, and they exert their effects primarily on kappa receptors. The biological significance of the multiplicity of endogenous opioids is still unclear.
Early studies in the 1970s and 1980s concluded that production of endogenous opioids was limited to the cells of the nervous system. However, each opioid peptide precursor has a unique pattern of expression, with POMC transcripts restricted to the pituitary, the arcuate nucleus of the hypothalamus and cells in the nucleus of the solitary tract, whereas both pro-enkephalin and pro-dynorphin have a considerably more expansive distribution (Akil et al. 1984) . b-Endorphin production is localized mostly to the pituitary and hypothalamus, while enkephalins are more widely distributed through the neuraxis found mainly in the cortex and spinal cord as well as the adrenal medulla, while dynorphin production is limited to the hypothalamus and the brainstem. Table 2 summarizes the sites which have been known to generate endogenous opioids. Recent findings have shown that all opioid peptides are also found in leukocytes. Endorphins processing from POMC have been studied most extensively by (Rittner et al. 2005) . POMC processing occurs in the endoplasmic reticulum and the trans-Golgi network. The enzymatic machinery required for this process includes carboxypeptidase E, the pro-hormone convertases 1 (PC1) and PC2, and the binding protein 7B2 (Mousa et al. 2004 ). b-Endorphin, POMC and all processing enzymes have been located in leukocytes in the blood and within inflamed tissue in rats (Mousa et al. 2004 ). Thus, leukocytes can process POMC into functionally active b-endorphin. Furthermore, met-enkephalin, dynorphin and endorphins are also detectable in leukocytes of inflamed tissues. Some opioid-containing immune cells identified to date are T and B lymphocytes, granulocytes and monocytes/macrophages (Przewlocki et al. 1992; Cabot et al. 1997; Mousa et al. 2001a; Rittner et al. 2001 ). Thus, opioid peptides are processed and present in the circulation and in the immune cells infiltrating injured tissue.
In macrophages, monocytes, granulocytes and lymphocytes, b-endorphin is present in secretory granules arranged Bloom et al. (1977) , Moon et al. (1973) , Pelletier et al. (1977 Pelletier et al. ( , 1980 , Bloch et al. (1978) , Jacobowitz and O'Donohue (1978) Krieger et al. (1977) , Pelletier et al. (1980) at the cell periphery, ready for exocytosis. During the early inflammation, as the leukocytes migrate to the site of infection, they (along with the resident cells) secrete various chemokines such as CxCL8, CXCL1, IL-6, IL-1, etc., which lead to hyperalgesia. In late inflammation, macrophages and lymphocytes secrete IL-4, IL-10 and IL-13, inhibiting the hyperalgesic pathways at several different stages and leading to analgesia (see Fig. 1 for details) . In addition, leukocytes can also release opioid peptides following stimulation from corticotropin-releasing factor (CRF) and IL-1b. The effects are mediated by CRF and IL1b receptors (coexpressed by opioid-containing leukocytes) via a calcium-dependent mechanism and are mimicked by elevated extracellular concentrations of potassium (Cabot et al. 1997) . This is consistent with a regulated pathway of neuronal or endocrine release from secretory vesicles. Furthermore, noradrenalin (NA) can release bendorphin from leukocytes in vitro following activation of adrenergic receptors (Schafer et al. 1996) . Adrenergic a1, b2 and, to a lesser degree, a2 receptors are expressed on bendorphin-containing inflammatory cells located in close proximity to sympathetic nerve fibers in inflamed paws. Chemical ablation of these fibers has been shown to abolish intrinsic opioid analgesia (Rittner et al. 2005) . In summary, CRF and IL-1 b, as well as sympathetic neuron-derived NA, can act on their respective receptors on leukocytes to release opioid peptides (Fig. 2) . Leukocytes are able to exert analgesic effects by releasing opioid peptides, which bind to opioid receptors of the nociceptors in the periphery.
Exogenous opioids
Of the exogenous opioids, morphine the principal alkaloid of opium have been most extensively studied. Gates and Tschudi were the first to successfully synthesize the complete molecule of morphine in 1952 (Gylbert 1973 Role of mu-opioid receptor in opioid modulation 13 1973). Morphine is metabolized in the liver via N-dealkylation and glucoronidation at the third position morphine-3-glucuronide (M3G) or the sixth position morphine-6-glucuronide (M6G). Although M3G is the most common metabolite (accounting for 50% of the metabolites produced), they exert no biological activity when bound to MOR. In contrast, M6G, although less prevalent (accounting for 10% of the metabolites produced), can induce an analgesic effect upon binding to the MOR (Dahan et al. 2008) . The synthetic morphine derivatives, fentanyl and heroin, have similar efficacy and addictive properties as morphine, yet these two drugs differ in their onset and duration of action. Rapid onset of fentanyl and heroin are attributed to their highly lipophilic profiles making these drugs readily available crossing the blood-brain barrier.
Classical targets of opioid action
Originally, before the discovery of opioid receptors on leukocytes, it was thought that opioids exert their effects solely through an indirect pathway by the binding of opioid receptors expressed in the central nervous system (CNS). One school of thought postulates that opioid receptors are expressed only in the CNS, and therefore the classical target cells of the opioid-mediated analgesia were neuronal cells of the CNS. Morphine's modulation of the pain mechanisms and immune system occurs through the activation of the hypothalamo-pituitary-adrenal axis (HPA) and the stress-responsive neuroendocrine pathway (Peterson et al. 1993) .
Hypothalamo-pituitary-adrenal axis is a complex set of direct influences and feedback interactions among the Fig. 2 Inflammation-induced migration of opioid-producing leukocytes and opioid secretion. Resident macrophages of the inflamed tissue release chemokine gradient to recruit neutrophils form the bloodstream. Chemokine secretion leads to upregulation of adhesion molecules (P-selectin, ICAM-1 etc.) on the capillary endothelium, which facilitates neutrophil rolling, adhesion and extravasation. Once extravasated, leukocytes can be stimulated by release of corticotropinreleasing factor (CRF), interleukin-1b (IL-1) and/or noradrenaline (NA). CRF, IL-1 and NA (derived from sympathetic neurons) elicit opioid release by activating their respective receptors on leukocytes. Opioids bind to peripheral opioid receptors (produced in the dorsal root ganglia and are transported to peripheral endings of sensory neurons) causing analgesia by inhibiting the excitability of these neurons. Opioid agonists have easier access to neuronal opioid receptors during inflammation, because inflammation disrupts the perineurium (normally a rather impermeable sheath encasing peripheral nerve fibers). Arrow in the blood vessel and sensory neuron indicates the direction of the events hypothalamus, pituitary gland and the adrenal (or supradrenal) glands (Fig. 3) . The interactions among these organs constitutes the HPA axis, a major part of the neuroendocrine system that controls reactions to stress and, through release of stress hormones [corticosteroids (CORT)], exerts immunosuppressive effects.
However, more recently, studies supporting a direct role of opioids on immune system are gaining more acceptance primarily with the discovery of opioid receptors on the immune cells (Table 1) . Opioid alkaloids and peptides such as morphine and the endogenous peptides, including b-endorphin and the dynorphin peptides, directly modulate the functions of lymphocytes and other cells involved in host defense and immunity (Bidlack et al. 2006) . The concept of direct and indirect morphine action was first introduced through studies with morphine-dependent rodents. Findings by our group and others indicate that morphine-induced immunosuppression is mediated by the MOR and that, although some functions are amplified in the presence of CORT or sympathetic activation, the inhibition of IFN-gamma synthesis and modulation of macrophage-cytokine synthesis are CORT independent and only partially dependent on sympathetic activation (Peterson et al. 1987; Bryant et al. 1991; Casellas et al. 1991; Perez-Castrillon et al. 1992 ). Although the current research focus has shifted to direct effects of opioids on immune cells, when looking at in vivo models of drug abuse and immunomodulation, it is important to consider the role of stress mechanisms mediated by the HPA axis.
Opioid modulation of immune cell function
Research studies provide strong support that chronic morphine can indirectly modulate both adaptive and innate immune systems. Although, support for an indirect effect of morphine modulation is strong (Vallejo et al. 2004; Wang et al. 2005) , recent focus has shifted to exploring how morphine may directly exert its suppressive effects on innate immune cells by binding to their opioid receptors. The multifaceted immunosuppressive actions of morphine add to the complexity of identifying targets of its inhibition.
Direct immunomodulation

Opioids and adaptive immune response
Modulation of adaptive immune system has first been observed in morphine-treated rodents where morphine treatment led to decreased splenic and thymic weight, resulting in reduced function of T cells and their precursors (Bryant et al. 1988a (Bryant et al. , b, 1991 . Such morphologic changes indicate the magnitude of morphine's immunosuppressive capabilities.
Morphine and T cells Morphine has been observed to modulate various aspects of T-cell functions (see Table 3 for details). Murine opioid dependence models utilizing a slow-release morphine pellet have shown that chronic morphine treatment leads to a reduction in cell viability, proliferative response, T-helper cell function, as well as reduced CD4/CD8 population in vivo. Additionally, chronic morphine treatment in vitro (pharmacological doses that are consistent with those observed in drug abusers or patient on a moderate to severe pain management regimen) has been shown to significantly decrease the production of IL-1b, IL-2, TNF-a and IFN-c from mouse splenocyte cultures, as well as to stimulate the production of anti-inflammatory cytokines, TGF-b1 and IL-10 (Pacifici et al. 2000). Furthermore, in vitro morphine treatment of PBMCs or splenocytes results in T-helper cell differentiation toward the Th2 lineage . Mechanistically, morphine treatment impairs mitogenstimulated lymphocyte proliferation by interfering with transcriptional activation of the IL-2 gene (Roy et al. 1997) , as well as interfering with IFN-c promoter activity through two distinct cAMP-dependent pathways, specifically the NF-jb and AP-1/NFAT pathways (Wang et al. 2003) . Low-dose morphine (10-100 nM) treatment of lymph node-derived T lymphocytes results in impaired Con A-induced proliferation and IL-2 and IFN-c production, accompanied by an increase in apoptosis. These effects were abolished in the absence of MOR in MORKO Fig. 3 Pathways of opiate-induced immune suppression. Morphine can modulate immune system via direct and indirect pathways. Indirectly, morphine acts on CNS and the hypothalamic-pituitaryadrenal (HPA) axis which leads to the release of corticosteroids, and immunosuppressive hormones which leads to suppression of the immune system. Direct inhibitory pathway requires the direct interaction of opioids on the cells of the immune system mice ). Other investigators have also investigated the role of the mu-opioid receptor in morphine-induced immunosuppression and have noted that morphine-induced lymphoid organ atrophy and diminished NK cell activity were lost in MORKO mice following Con A stimulation, demonstrating the essential role of the muopioid receptor in morphine-mediated immune deficits (Gaveriaux-Ruff et al. 1998 ). Studies by Borner et al. 2008 using loperamide, a peripheral MOR agonist, have shown that activation of MOR in the periphery can lead to inhibition of CD3/28 mAb-induced interleukin-2 transcription in JURKAt cells, similar to fentanyl. These studies further support direct opioid-induced immunosuppression, by indicating that MOR activation in the periphery can lead to immunosuppressive effects.
Morphine and B cells
In contrast to T-cell research, work on morphine's effect on function of B cells is limited. First findings reported by Bussiere et al. indicated that morphine pellet implantation in vivo suppressed the primary antibody response in multiple strains of mice. These findings were further supported by several other groups that found that implantation in vivo morphine treatment led to reduction of the mitogenic responses of splenic B cells to bacterial lipopolysaccharide (LPS) (Bryant et al. 1988a, b; Bussiere et al. 1992; Bhargava et al. 1994 ). Formation of antibody response requires interaction of macrophages, T cells and B cells; therefore, modulation of antibody producing capacity by morphine may be mediated by affecting any of the three cell types (Eisenstein and Hilburger 1998) . Bussiere et al. also found that morphine's inhibition of antibody responses could be restored with the addition of untreated macrophages or with the addition of macrophage cytokines [IL-1, IL-6 or interferon-c (IFN-c)], suggesting that the morphine-induced suppression was due in part to a deficit of macrophage activity . Furthermore, it was demonstrated that morphine's modulation of antibody responses was T-cell dependent, but not to a T cellindependent antigen, suggesting that morphine did not directly affect B-cell function (Weber et al. 1987 ; Eisenstein and Hilburger 1998).
Opioids and innate immune response
The modulation of innate immune system has been observed at several levels. Morphine treatment modulates leukocyte recruitment, cytokine secretion and bacterial clearance by decreasing the proliferative capacity of macrophage progenitor cells (morphine treatment inhibits the number of macrophages that are available to respond to an infection) (Roy et al. 2006 ). In addition, morphine delays leukocyte migration, which affects the numbers of phagocytes recruited to the site of infection and ultimately suppresses the capacity of macrophages to ingest opsonized pathogens (Casellas et al. 1991; Szabo et al. 1993; Tomei and Renaud 1997) . Collectively, these findings suggest that the macrophage is a key cellular target for the suppressive effects of morphine on the antibody response . Although morphine modulates both innate and adaptive immune systems, defects in innate immunity seem to have broader consequences, with modulation of macrophage functions playing an essential role. Therefore, examining morphine-mediated modulation of macrophage processes will be the main focus of our discussion. Bhargava et al. (1994) , Bryant et al. (1988a, b) , Bussiere et al. (1992) ; Numbers in mouse spleens Lefkowitz et al. (2000) Murine macrophages
: Phagocytosis : intracellular bacterial growth ; respiratory burst activity ; chemotaxis Tomei and Renaud (1997) ; Activation of IL-2 gene Roy et al. (1997) Morphine and macrophages Our laboratory first demonstrated that morphine modulation of several immune functions was attributable to the mu-opioid receptor, including macrophage phagocytosis and secretion of TNFa, since these effects were abolished in morphine-treated MORKO mice (Roy et al. 1998a ).
Macrophages form the first line of defense against pathogens, and play an essential role in innate immunity through their phagocytic and bactericidal roles, as well as through their ability to recruit other cells to the site of infection. Therefore, any defects in macrophage function can be detrimental to the host. Macrophages have been at the center of several studies due to the significant role they play in morphine-mediated immune suppression.
Morphine modulation of macrophage phagocytosis Morphine treatment leads to suppression of peritoneal macrophage phagocytosis, as well as inhibition of respiratory burst activity and chemotaxis (Perez-Castrillon et al. 1992 ). Due to inhibition of phagocytosis, bacteria are inadequately removed and, since respiratory burst is inhibited, morphine attenuates bacterial killing, which together with inhibited phagocytosis leads to increased bacteremia and bacterial escape from latency as shown by our group and others (Bhaskaran et al. 2001; Wang et al. 2005; Lugo-Chinchilla et al. 2006) . Human studies and rodent models of drug abuse indicate that morphine impairs the ability to eradicate infection by inhibiting phagocytosis. In vivo models of morphine abuse have shown that morphine inhibits phagocytosis by non-elicited and elicited macrophages in a naltrexone reversible manner, indicating the involvement of classical opioid receptors (Rojavin et al. 1993a, b) . Subsequent in vitro studies indicate that morphine inhibits Fcc receptor (FcgR)-mediated phagocytosis essential for internalization of extracellular pathogens, and that inhibition of phagocytosis occurs through l-and d-opioid receptors Tomassini et al. 2004) . Studies by our group confirmed that morphine-mediated inhibition of phagocytosis was abolished in MOR knockout (MORKO) mice, adding further evidence for the role of MOR in these functions (Roy et al. 1998a ). Activation of MOR in the periphery via loperamide has been shown to lead to inhibition of clearance of Giardia lamblia leading to increased trophozoite loads (Andersen et al. 2006) . Additionally, it was observed that in vitro administration of endogenous opioid peptides such as leu-and met-enkephalin (delta receptor agonists) are able to inhibit phagocytosis of opsonized sheep red blood cells (Casellas et al. 1991) .
In addition to inhibiting macrophage phagocytosis, several studies support that in vivo morphine treatment (opioid dependent model) attenuates bacterial killing as evident by increased bacterial loads or sepsis (Wang et al. 2005; Hilburger et al. 1997) . In mice, chronic morphine treatment in a drug abuse model has been shown to modulate bacterial killing by inhibition of NO release (Menzebach et al. 2004; Bhaskaran et al. 2007 ). Our laboratory's previous data and several other studies indicate that chronic morphine (drug abuse model), by inhibition of NO release, increases susceptibility to bacterial infection, resulting in bacteremia and bacterial invasion of the CNS (Wang et al. 2005; Asakura et al. 2006; Bhaskaran et al. 2007) . A recent study by (Singh and Singal 2007) notes that morphine administration has a dose-dependent biphasic modulation in Leishmania donovani-infected mice and peritoneal macrophages in vitro, via a NO-dependent mechanism. Furthermore, it was demonstrated that morphine administration in the nanomolar range was protective against L. donovani infection, while morphine concentrations in the micromolar range led to augmented parasite growth in macrophages.
In addition, morphine has been implicated in the inhibition of superoxide production. Several groups, studying morphine's effect on infection examined superoxide release as a mechanism of bacterial killing, noticed that morphine treatment in vitro (doses that mimic levels in drug abusers) inhibited superoxide production in neutrophils and macrophages (Sharp et al. 1985; Simpkins et al. 1986; Welters et al. 2000) . In addition to exogenous opioids, endogenous opioids had similar inhibitory effects, where pretreatment with endogenous opioid peptides, leucine or methionine enkephalins reduced the neutrophil's ability to generate superoxide production in response to the Escherichia coli product, N-formyl methionyl leucyl phenylalanine (FMLP) (Sharp et al. 1985; Simpkins et al. 1986 ). Morphine-mediated suppression of superoxide production was reproduced in human peripheral mononuclear cells in studies done by Peterson et al. (1987 Peterson et al. ( , 1989 , which examined respiratory burst activity in response to phorbol myristate acetate (PMA).
In addition to inhibition of bacterial clearance, morphine treatment in vivo (opioid dependent model) leads to inhibition of macrophage recruitment and function during an innate immune response. A study carried out by Grimm et al. (1998b) showed a significant decrease in macrophage chemotaxis when cells were preincubated with morphine or met-enkephalin. They concluded that morphine's inhibition of subsequent macrophage chemotaxis occurred upon direct binding to the macrophage MOR, and that this activation of MOR led to the phosphorylation and desensitization of chemokine receptors, CCR1, CCR2, CXCR1 and CXCR2. Desensitized chemokine receptors are therefore unable to elicit a response when their ligands are present.
In the presence of the endotoxin LPS, suppression of cytokines IL-6 and TNF-a was seen following morphine treatment (Roy et al. 1998b ). The transcription factor NFjB, responsible for up-regulation of several cytokines including IL-6, TNF-a, NO and IL-10, was also suppressed following morphine treatment.
Morphine and neutrophils Although it has been observed for some time that chronically administered morphine modulates neutrophil chemotaxis and function, controversy still exists in determining which mechanisms are at play. A growing body of literature supports morphine's suppressive effects on recruitment and immune functions of neutrophils during an innate immune response. Exogenous opioid treatment of peripheral human blood neutrophils leads to inhibition of IL-8-induced chemotaxis (Grimm et al. 1998a ). Conversely, Simpkins et al. (1984) reported an increase in neutrophil chemotaxis following endogenous opioid (b-endorphin) treatment. The discrepancy of the latter finding may in part be explained by the differences in affinity of morphine and b-endorphins to the mu-opioid receptors on immune cells. Furthermore, acute morphine treatment in vivo (opioid-dependent model) leads to inhibition of neutrophil cytokines involved in regulation of wound healing (Martin et al. 2010) . In a wound healing model, it was demonstrated that morphine treatment (opioid-dependent model) resulted in a significant delay and reduction in both neutrophil and macrophage recruitment to the wound site (Martin et al. 2010) . The delay and reduction in neutrophil reduction was attributed to altered early expression of keratinocyte-derived cytokine and was independent of macrophage inflammatory protein-2 expression, whereas suppression of macrophage infiltration was attributed to suppressed levels of the potent macrophage chemoattractant, called monocyte chemotactic protein-1.
Taken together, the complexity by which morphine acts as an immunosuppressor on migration and functional activity of innate immune responders, particularly neutrophils and macrophages, poses a compromising environment that proves detrimental to the hosts' ability to eradicate pathogens.
Autocrine and paracrine opioid signaling
Endogenous opioids are capable of paracrine and autocrine signaling. Cells of the CNS and immune system are capable of generating endogenous opioids. Interestingly, exogenous opioids are capable of acting directly on the immune cells, as well as indirectly by activating the HPA axis.
It is accepted that inflammatory mediators released from leukocytes contribute to the generation of pain. However, it is less well known that immune cells also produce mediators that can effectively counteract pain. These include anti-inflammatory cytokines and opioid peptides (Machelska 2007) . Physiological pain triggers a warning mechanism, which functions to minimize tissue damage. During the inflammatory response, various pro-inflammatory and pro-analgesic mediators are released to activate specialized peripheral pain signaling sensory neurons (''nociceptors''). Trigeminal and dorsal root ganglia (DRG) contain nociceptor cell bodies, which give rise to myelinated Ad and unmyelinated C fibers. Peripheral terminals of Ad and C fibers transduce and propagate noxious stimuli from peripheral tissues (such as skin, muscles, joints and viscera) to the dorsal horn of the spinal cord and thereafter to the brain. At the spinal and supraspinal sites, the integration of signals from pro-analgesic neurotransmitters, environmental and cognitive factors eventually results in the sensation of pain (Woolf and Salter 2000) . Inflammation in the periphery leads to increased synthesis and axonal transport of opioid receptors in DRG neurons, resulting in upregulation of their surface expression and enhanced G-protein coupling at peripheral nerve terminals (Ji et al. 1995; Mousa et al. 2001b ). This is followed by disruption in the perineurial barrier, allowing opioids to access their respective receptors and modulate the pain signals emanating from the site of inflammation (Antonijevic et al. 1995) .
Another way by which leukocytes are able to control inflammatory pain is by recruiting other opioid-containing leukocytes to the site of inflammation. During the inflammatory response, leukocytes are recruited to the site of infection through chemokines, cytokines and upregulation of adhesion molecules. Studies by Machelska et al. (1998 Machelska et al. ( , 2002 have shown that pretreatment of rats with selectin blocker (fucoidin) or selective antibodies against ICAM-1, integrins (a 4 and b 2) or chemokines (CXCL1 and CXCL2/ 3) lead to a substantial decrease in the number of opioidcontaining immune cells accumulating in inflamed tissue, and consequently abolish endogenous peripheral opioid analgesia. In addition, the migration of opioid-containing leukocytes into injured tissues appears to be modulated by mechanisms involving signaling from the CNS. (Schmitt et al. 2003) , have shown that intrathecally injected morphine, in a dose-dependent manner, significantly decreases the number of b-endorphin-containing leukocytes in inflamed rat paws and attenuates peripheral endogenous analgesia. These findings indicate that effective central inhibition of pain signals inhibit the recruitment of opioidcontaining leukocytes to injured tissues (Machelska 2007) .
These studies support a paracrine role of endogenous opioids in the regulation of pain through either leukocytemediated opioid release signaling via the nociceptors, or through the central opioid mechanisms utilized to limit opioid secretion at the inflammatory site. Paracrine and autocrine signaling of opioid-containing leukocytes is important in immune suppression. Leukocyte chemotaxis and key immune functions are significantly impaired in the presence of opioids. By secreting opioids, leukocytes can inhibit their own immune functions as well as those of other leukocytes present at the inflammatory site. Opioidmediated inhibition of cytokine and chemokine release inhibits further recruitment to the site of inflammation leading to reduced inflammatory signals and potential pain reduction. Therefore, opioids released from leukocytes can modulate pain by acting through nociceptors and DRG, as well as by inhibiting inflammation.
Clinical use of opioids and disease
Clinical opioids
Opioids remain the gold standard for chronic pain management, in spite of the adverse side effects resulting from their use. A number of opioids are available for clinical use, including morphine, hydromorphone, levorphanol, oxymorphone, methadone, meperidine, oxycodone and fentanyl (Inturrisi 2002) . Opioids are often prescribed for management of cancer pain, post-operative pain, as well as chronic pain in individuals with late-stage HIV. Morphine and fentanyl are often used to alleviate severe pain, while codeine is used for milder pain. Other examples of opioids prescribed to relieve pain include propoxyphene (Darvon); hydromorphone (Dilaudid) and meperidine (Demerol), which are used less often because of their side effects. In addition to their effective pain-relieving properties, some of these medications can be used to relieve severe diarrhea (for example, Lomotil, also known as diphenoxylate) or severe coughs (codeine) (Lustman et al. 1987; Wee et al. 2011) . Methadone and buprenorphine, are synthetic opioids that are used for treatment of addiction. They eliminate withdrawal symptoms and relieve craving. Methadone has been used successfully for more than 30 years to treat people addicted to heroin as well as opiates, while buprenorphine has been approved more recently for treating addiction to heroin and other opiates.
Naltrexone and naloxone are opioid receptor blockers, which are clinically used to prevent relapse and treat overdose (respectively). Naltrexone is a long-acting opioid receptor blocker that can be employed to help prevent relapse. It is not widely used, however, because of poor compliance, except by highly motivated individuals (e.g., physicians at risk of losing their medical license). This medication is only used in patients who have already been detoxified, since it can produce severe withdrawal symptoms in a person continuing to abuse opioids.
Studies examining morphine's effect vary greatly in terms of doses and concentrations used. Pharmacological doses that are consistent with those observed in drug abusers or patient on a moderate to severe pain management regimen have been observed to lead to morphine plasma levels of 11-1,440 ng/ml in cancer patients using morphine for pain management at a dose of 2.5-90 mg every 4 h (Aherne et al. 1979) . Therefore, physiological concentrations used in most animal or in vitro studies, to mimic physiological doses, range from 10 nM to 1 lM.
Opioids and infection
Morphine's immunosuppressive effects have been observed for centuries. Recently, as the prescription of opioid-based pain relievers began to rise, opportunistic infections have followed the same trend (Compton and Volkow 2006; Wang et al. 2008) . The prevalence of opioid use and abuse is undisputed, and has impacted a wide range of individuals in both the drug abuse population as well as the patients in clinical settings.
Immunosuppression in opioid abusers has been observed clinically and anecdotally. Although clinical studies examining opioid-mediated immune suppression are limited, animal studies indicate morphine's immunosuppressive abilities through increased incidence of many bacterial and viral infections. Several groups show that intravenous drug abusers have a greater incidence of infection than non-abusers (Hussey and Katz 1950; Louria et al. 1967) . The documentation that opioids, such as morphine, has the potential to modulate immunity is consistent with their ability to alter immune responsiveness to microbial agents (Cabral 2006) . Extensive research in the area of morphineinduced immune suppression noted that opioid addicts present with high prevalence of tuberculosis, bacterial pneumonias, abscesses, CNS infections as well as viral hepatitis A, B and C, and high rate of HIV infections (Louria et al. 1967; Reichman et al. 1979; Haverkos and Lange 1990) .
To date, most studies examining opioid-induced immune suppression have been utilizing cohorts of drug abusers, where main confounders lie in the fact that opioid abusers often engage in risk behaviors (e.g., contaminated needles/syringes) as well as use multiple drugs of abuse (such as alcohol, nicotine, cocaine, etc.) exerting their own additional immunosuppressive effects. Effects of risky behavior that drug abusers engage in are also a co-factor in clinical studies of this kind. Therefore, infectious complications in iv drug users are very frequent, but cannot easily be distinguished from risk behavior or risk environment. Studies examining the effects of opioids in the clinical setting are scarce. The difficulty in designing clinical studies of opioid use lies in obtaining a patient population which is not immunocompromised, yet is undergoing opioid-based therapies for chronic pain. Therefore, most studies in patients with chronic (non-malignant) pain report infectious complications in relation to opioid use; however, their incidence is usually not considered to be drug related. Limitations of studies examining clinical relevance of opioid use and abuse have been extensively described by several groups (Rittner et al. 2010; Brack et al. 2011 ) and therefore will not be a focus of this review. Although these confounders of direct opioid inhibition of immune function may play a role in clinical studies, a wide body of evidence in mammalian models indicates that opioids alone are capable of direct immunomodualtory effects.
Several groups indicate a connection between intravenous opioid use and increased incidence of infections in humans. (McCoy et al. 2004 ) examined the prevalence of HIV-1 and HCV among injection drug users in Miami, Florida. The results of multivariate analyses indicated a direct correlation between years of heroin use and HCV infection. Furthermore, retrospective studies as well as seroepidemiological analyses indicate that injection users of opioids, such as heroin, have an increased incidence of disease including that attributable to HIV infection (Horsburgh et al. 1989; Nemoto et al. 1990; Joe et al. 1991; Spittal et al. 2003) .
A seminal study by (Tubaro et al. 1983 ) observed that following single daily injections of morphine, given 24-72 h prior to iv injection of fungus Candida albicans, resulted in increased lethality in mice from the organism. This study demonstrated that morphine was able to increase the number of viable C. albicans in the kidney in a dose-dependent manner. More recent studies indicate similar results, where mice implanted with slow-release morphine pellet presented with sepsis, which was manifested by increased bacterial loads in liver, spleen and peritoneal cavities (Hilburger et al. 1997) . Additionally, our laboratory has shown that in vivo chronic morphine treatment followed by intranasal inoculation with Streptococcus pneumoniae markedly delayed neutrophil recruitment and increased bacterial burden in the lung, spleen and blood, with a subsequent increase in mortality (Wang et al. 2005 ). Morphine's immunosuppressive effects were first noted in its ability to increase susceptibility to infection, as well as accelerate the rate of their progression. Interestingly, S. pneumoniae is one of the most common diagnoses among opiate abusers; it is responsible for more than 25% of all cases of pneumonia and is still associated with an overall mortality rate of 23% among hospitalized patients. Drug abuse has been determined to be a significant risk factor for the development of community-acquired pneumonia. Pneumococcal clearance requires the cooperation of both innate and adaptive immunity. Epidemiological data suggest that HIV-positive drug abusers progress to symptomatic AIDS more rapidly than those who do not use drugs; therefore, additional longitudinal studies addressing the enhancement of disease in immunocompromised individuals are warranted (Cabral 2006) .
The studies that have been reviewed suggest that illicit drugs act, at least, as cofactors that can increase the severity of infection by microbial agents through altering host resistance. This decrease in host resistance may be a consequence of immunosuppressive action on the activities of macrophages, T lymphocytes and NK cells. The mechanisms by which these drugs increase susceptibility to infection have not been fully delineated. Considering previously discussed studies, a convergent mode of action by which drugs of abuse affect immunity and increase susceptibility to infection appears to be that they affect cytokine and chemokine expression and, in so doing, alter the homeostatic balance of proinflammatory versus antiinflammatory mediators. The documented evidence that illicit drugs alter antimicrobial activity in vivo and in vitro indicates that their use presents a potential risk of decreased resistance to infections in humans.
Conclusion
This review summarizes the current understanding of the roles opioids play in neuro-immunity. We delineate opioid receptor functions and distributions as well as the role of endogenous and exogenous opioids on the immunomodualtory and analgesic mechanisms. Immunosuppressive effects of opioids have been observed in several different models as signaling and acting directly through immune cells or acting via the HPA axis. The ability of the immune cells to produce opioid peptides, as well as their expression of opioid receptors, has led to an interesting paradigm shift. Original thoughts of opioids being secreted by and acting solely on the nervous system have recently been diverted to investigation of opioid secreting leukocytes and the role they play in modulation of traditional pain mechanisms. In spite of a multitude of research conducted in this field, a gap in the understanding of mechanisms underlying these processes still exists. Although many advances have been made in understanding the effects of endogenous and exogenous opioids on immune responses, the real clinical relevance of these effects is not completely clear. Enhancing our knowledge and understanding of opioid-mediated immune suppression and mechanisms involved in these processes is essential to the development of new and improved therapies for chronic pain management.
